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which, the air is turned "by tho "blades. A yaw survey with 
no "blades in. the tunnel . and with straight walls showed 
that, in the region botwoon tho second and the fgurth 
"blades, the air angle was constant to xvithin l/2 * 

It was found in thoso tests that tho static pressure 
in the surrey plane one-half chord "behind tho airfoils 
was always close to atmospheric prcssuro and this fact is 
used lator to simplify tho analysis. 



SYMBOLS 

a l angle "between initial air and tangent to concave 
stir face of "blades 

a 0 angle "between mean air and tangent to concave surface 
of "blades 

q local dynamic pressure 

q z dynamic pressure of initial air 

q • dynamic pressure of air one-half chord behind "blades 

q 0 dynamic pressure of mean air 

q^ • final dynamic pressure of air after idealized mixing 

p static pressure measured "by row of orifices ahead of 
blades 

p 3 static pressure one-half chord behind the blades, equal 
to atmospheric pressure 

Ap pressure rise across cascade (p 3 - p x ) 

p f final static pressure after idealized mixing 

u 1 velocity of initial air 

u rt „ velocity in axial direction 

. a^c . . . . 

u 3 velocity of air behind blades 

u 3 velocity of air outside wake in plane of X s 
u 0 mean velocity 
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Au vector difference of velocities (u x - u 3 ) 
u f final velocity of air after idealized mixing 
S area of "blade 

s solidity, chord of "blades divided by gap between them 
lift coefficient (lift/q^s) 

A x cross-sectional area of initial air stream that passes 
between adjacent blades 

A 2 area of air stream between adjacent blades one-half 
chord behind blades 

Q angle through which air is turned by blades 

p air density 

AH total-head defect 

0 stagger 

F force on blades 



DATA A1TD ANALYSIS 



Turning effectiveness of the bl ades,- The angle 6 
through which the air was turned by the blades is plotted 
in figure 3 against a t , the angle between the initial 
air and the tangent to the concave surface of the blades. 
The angles given are averages taken over the air in the 
central vertical plane between the second and the fourth 
blades with the region in tho blade wakes excluded. It 
will be noticed that de/do^ is close to unity, which 
illustrates that tho behavior of the cascade with a soliditj 
of unity is much closer to tho infinite-solidity case 
dQ/dctj = 1 than to the isolated-airfoil case d8/da » 0. 

Pressure distribution and lift.- It seems to be cus- 
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tomary to base "blade characteristics on "mean-air" condi- 
tions. A mean-velocity vector u Q (fig. 3) halfway "be- 
tween the initial air vector u x and the final air vector 
u s is used as the "basis for determining q Q , a Q , and 
°L 0 . In figures 4 and 5 the pressure distributions ob- 
tained from orifices in the central airfoil are given. 
The quantity plotted is the .difference "between initial im- 
pact pressure q^ and local static pressure divided "by 
q Ql which is equal to the local dynamic pressure q. di- 
vided "by . The values of atmospheric pressure p 3 
and the static pressure ahead of the "blades ■p 1 are also 
indicated on the graphs as differences in total head di- 
vided by o[ o . 

The values of lift coefficients 0 T given in fig- 

uros 4 and 5 were obtained from the pressure distributions 
by the use of a planimeter . They are plotted as circles 
in figures 6 and 7. In figure 7 the lift coefficients 
and angles of attack cc- a arc based on initial air 

conditions. 

The force on the blades can also be computed from mo- 
mentum considerations. Shore is a force parallel to the 
stagger line owing to the fact that the air has boon turned, 
per blade 

pu AuS/s ' (l) 



There is a force perpendicular to the stagger line owing 
to the pressure rise across the cascade, per blado 

ApS/s (2) 

The squaro of the force on tho blados is then . 

V* = (pu as AuS/s) S + (ApS/s) S (3) 



If tho drag forces arc neglected, this force can be related 
to tho lift coefficient 0^^ to give 

0^ - JL— - (^f + (*L)' (4) 

(i P% a s) u l ■ ll 
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From figure 3 



u 



Hi 



&2L = cos P 



»1 Uj. 



- tan (P - 6)] 



Then 



3 cos 8 g [tan g - tan(p - 6)3 



(— ) 

\q , s / 



or in the case covered "by those tosts P = 45 and s = 1, 
so that 



1 - tan (P - 8) 



(5) 



I ho values of 0 T . 



and 



obtained from oquation 



o ' 



respectively, as 



(5) arc plotted against g, x and a 

crosses in figures 6 and 7. The agreement botvroon the two 
methods of calculating may "be taken as a measure of tho 
accuracy of the present investigation. In figure 8, Cj, 

is plotted against a 1 to servo as a correlation betwoon 
the two methods of expressing tho data. 



Pressure rise across tho cas 
across the cascade - that is, the 
static pressure measured ahead of 
pheric pressure - divided by the 
are plotted as circles in figure 
pared with the pressure rise that 
if no energy losses had occurred, 
losses, the pressure rise can be 
Prom the figure and the fact that 
ercd incompressible- 



CO i 



p 



cos (p - e) 



cade.- The pressure rises 
differences between the 
the blades and the atmos- 

initial dynamic pressures 

9. This -plot can be con- 
would have "been obtained 
In the absence of energy 

determined from figure 10. 
the fluid may be consid- 



(6) 




and from Bernoulli's theorem 
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M = 1 - i£ s ! _ 



4i 



1i 



cos B 



.cos (B - 9) 



J 



(7) 

(a) 



Points obtained from equation (8) and tho measured 
values of 8 are plotted as squares in figure 9. It can 
"be seen from figure S or figure 1 that the blades continue 
to turn the air even after they are completely stalled. 
The pressure rise that might he expected to accompany the 
increase in the area of the stream produced by the turning, 
however, does not occtir. 

Losses in the c ascade.- She difference between the 
curves of figure 9 indicated "by circles and those indicated 
by squares must be attributed to energy losses in the flovr 
through the cascade. In order to measure the part of this 
discrepancy that should he attributed to the drag of the 
blade, a rake of total-head tubes \tfas used to survey the 
wake in the central vertical plane one-half chord length 
behind the central blade. A first approximation to the 
blade-drag losses can be found from a simple total-head 
integral. The energy defect (assuming constant static 
pressure) is 



Energy defect = 



UgAHdAj; 



(9) 



where AH is the total-head defect in the element of area 



dA. 



If the total-head defect is not very large anywhere 



in the- wake u £ t u 2 (the average of u s over A s ) and 
the energy defect may be written 



Energy defect = u 2 



AHdA s 



(10) 



Equation (10) was made nondimensi onal by dividing hy the 
total kinetic energy entering the cascade to obtain 



energy defect 



initial kinetic energy 



u a / AHdA 2 
<U u x A i 



JC AHdA a 



(11) 
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This quantity is plotted in figure XI. 

The pressure rise across the cascade will now be cor- 
rected for these measured "blade-drag losses. Since the 
static pressure was nearly constant everywhere, 

AH = — pu 2 3 *- — pu 2 s 
2 r s o 2 ' 3 

or 



u 3 = / u. 



A H 



and from continuity 



A H 



UxAi = / u 3 dA 3 =» / / u 3q 2 - 7— dA, 

hence 



A s A a 2 



k s n / U 3 Q S AH dAg 

1 = at ./ y u^" " it it 

"A 3 

How since u s is the Telocity outside the wake 



and 



hence 



~ P^i 3 + Pi = | P u » o a + Ps 



u 2 
AP = 1 s 0 



1i u x s 



As P / Ap AH dA £ 

,/ y <ii a 3 



(12) 



The pressure rise across the cascade can he determined 
from equation (is) by a trial-and-err or procedure if the 
total-head losses are known. In cases where AH/q^ is 



9 



always small compared with 1 - — , tho square root In 

equation (12) can "bo expanded "by tho "binomial theorem and 
reduced to a form that is easier to solve for Ap . If 
only the first two terms in the expansion arc retained, 
equation (12) "becomes 

\ Si/ A x y q x 3 Aj J q.! A 3 

The presstire rise across the cascade may then "be 
found from equation (13) when AH/q 1 is small, These 

pressure rises are calculated from equations (12) and (13) 
and a.re plotted as tho middle curve in figure 9. Bquation- 
'(13) was used for the low-drag region where the wakes were 
not very deep. 

It will "be seen that a large part of the differences 
"between theory and experiment arc not attributable to the 
drag of the blades in the central plane. It was there- 
fore decided to survey the entire area A s (on one side 
of the central plane) at a single angle of attack, = 
12 , to determine the cause of the remaining discrepancy. 
The results of the total-head survey arc shown in figure 
12. The figure is in tho plane of A 2 ono-half chord 
length behind tho central airfoil. Tho lines in the fig- 
ure are contours of ccaial total-head defect and the num- 
bers on the contours are the percentages of initial total 
head lost. The losses along the walls are seen to be very 
important • 

The pressure rise across the cascade was then deter- 
mined by evaluating the integral in equation (12') from 
the general survey shown in figure 12. The value obtained 

was — = 0.281. The agreement between this value and the 

experimental point 0.271 is now within experimental error. 

If the air leaving the cascade were allowed to mix 
without net loss of momentum, a greater pressure rise 
would be obtained (mentioned later). The measured pressure 
rise will depend, in general, upon the distance that has 
been allowed for the wake to mix with the surrounding air. 
In order to obtain a comparison with the perfect-fluid 
pressure rise that \<rould be independent of the arbitrary 
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choice of the survey piano. A s , the pressure rise due to 
idealized mixing will now ho added to p 3 . 

Consider that the stream leaving the cascade is allonred 
.to mis with the total momentum and with the cross-sectional 
area ' A 3 ' unchanged. The final velocity u f and the final 
pressure p^, can then "bo found from continuity 

Ul A x = J u 3 dA 3 - U2,A 3 (14) 

and Conservation of moiricntum 

•• • r 

Since J' pu s 3 dA s is always larger than puf 2 A 3 r 
A 3 

there will always "bo a pressure riso accompanying the mix- 
ing process. This prossurc riso is 

Pf - P * = * f !» cU. a - 2 — (15) 

The integral in equation (15) was obtained "by finding 
the areas under the various contours of figure 12 with a 
planimitcr. The value of q.f/q,i was obtained from equa- 
tion (14), the first and the second terms yielding 0.655 
and 0.632, respectively. She inaccuracy of the measure- 
ments is indicated "by this discrepancy. By use of <lf /<li = 

0.659, it was found that ^£—._!L§. „ 0.020. Adding this 

^•1 Pf - Pi 
value to the experimental value of Ap/q^ gives — = 

0.291. This value is plotted as a plus sign in figure 9. 
Adding the idealised mixing pressure riso to the valuo of 
Ap/<Ii o^tainod theoretically "by taking account of the 
complete exit survey gives 0.301. This value is plotted 
as a cross in figure 9. Comparison vrith the plus point 
shows a satisfactory agreement with the experimental re- 
sults also corrected, for idealized mixing. . 
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The pressure rise found is thus freed from the arbi- 
trary choice of the survey station. It is the maximum 
pressure rise that could "be obtained by adding an idealized 
mixing channel after the cascade. 

APPLICATION AND FUTURE PROGRAM 



Two of the results of this work would appear general 
enough to be useful while further cascade work is in prog- 
ress*. . 

It will be noticed from figure 2 that d6/da x is close 
to unity; that is, close to the value that would be ex- 
pected for infinite solidity. It would seem, as a reason- 
able surmise, that this result would apply generally for 
.solidities of the order of 1 or greater, A test of a single 
blade in the cascade set-up showed that the angle of zero 
lift is nearly unaffected by the presence of the other 
blades, This result might also be presumed to apply gen- 
erally when the solidity and the camber of the cascade are 
not too large. It sooms likoly', thorofore, that there is 
a solidity range near unity obeying a simple relation of 
tho form 

8 = k (a, - a, ) 
1 1 o 

where k is an empirical factor that is botwoen 1.0 and 

0.9 for the conditions of these tests and . a, is the an- 

A o 

glo of zero lift of the isolated airfoil, This equation 
can bo used together with, a relation of the form of equa- 
tion (8) to approximate the pressure rise across a cas- 
cade in the absence of losses. 

The general survey (fig. 12) made at a z = 12° showed 
that a large part of the energy losses aro due to poor flow 
near the walls.; Tho wall boundary layer near the convex 
surface of the blado was greatly thickened, as might bo ex- 
pected, for two reasons: First, this air had to flow 
against nearly the same unfavorable pressure gradients as 
the air that passed over the blade, whereas the wall air 
started with a developed boundary layer; socond, the low- 
pressure region near the blade probably accumulated air 
from the boundary layer of ' the adjacent wall. Similarly, 
tho high-pressuro region noar the concave surface of tho 
blado appeared to repel its boundary layer, producing a 
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thin-wall 'boundary layer near this surface.. It would "be 
expected that these effects would increase with increasing 
lift coefficient. 

The importance of wall losses makes it imperative 
that they he considered in the design of "blowers for high 
efficiency. She lift coefficient for optimum efficiency 
is reduced below that of maximum blade lift-drag ratio* as 
can be seen "by comparing figures 9 and 11. In the case 
covered hy these tests a lift coefficient Ct, o near 0.4 or 

0.5 would appear to be most efficient. Under these condi- 
tions for the cascade investigated, the air stream^ is 
turned through an angle 6 betx^een 10 and 13 . Wall 
losses must ..be considered to be even more serious in the 
use of more highly cambered blades, because the minimum 
blade drag occurs at higher lift coefficients. 

It is to be expected that wall losses would be in- 
creased by the presence of end gaps and relative motion 
between the blades and the adjacent wall; these design 
conclusions must therefore ho considered only tentative. 



CONCLUSIONS 



1. The angle through which the air is turned by a 
cascade of blades with a solidity of 1 and a small cam- 
ber is nearly equal to the anglo of attack (with respect 
to the entering "air ) of the blades minus the angle of 
attack for zero lift of the isolated airfoil. 

2. A large part of the loss in a cascade may bo 
associated with the flow along the channel walls and par- 
ticularly with a region of slow air near the junctures 

of the convex side of the blades with the walls. 

Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Ya. 
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SABLE I 
VAOA 65,2-810 AIRFOIL ,. 
COMBINED WITH y = 0.0015s 



Upper 


surface 


Lower 


surface 


X 


5* 


X 




(percent c) 


(percent c) 


(percent c) 


(percent c; 


0 


0 


0 


0 


.230 


.913 


.740 


-.513 


.436 


1.130 • 


1.014 


-.570 


.949 


1.510 


1 .551 


-.654 


2.143 


2.274 


2.857 


-.786 


4.591 


3 .448 


5.409 


-.920 


7.072 


4.371 


7.928 


-.979 


9.569 


5.149 


10.431 


-1 .013 


14.589 


6.415 


15.411 


-1.031 


19 .629 


7.386 


20.371 


-1 .018 


24.681 . 


8.139 


25.319 


-.979 


29.740 


3.705 


30.260 


** • 9 29 


34.804 


9 .098 


35.196 


-.858 


39 .870 


9 .339 


'40.130 


-.771 


44.93 6 


9 .409 


45.064 


-.649 


50.000 


9 .282 


50.000 


-.458 


55,053 


8 .950 


54.942 


-.190 


60.107 


8 .434 


59 .893 


.134 


65.143 


7.744 


64.857 


.496' 


70.164 


6.922 


69 .836 


.854 


75.171 


6.025 


74.829 


1.135 


80.162 


5.024 


79 .838 


1.344 


85.137 


3.935 


84.863 


1.449 


90.104 


2.810 


89 .896 


1.326 . 


95.055 


1.612 


94.935 


.916 


100.048 


.142 


99 ^952 


-.142 


L, 


E. radius: 0.666 percent c 






Figure 1«-Cascade testing apparatus. 
Cascade of NACA 65,2-3l0 sections 
Stagger: k5° ; Solidity: 1 
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Figure 2.- Angle turned "by air in passing through cascade. Cascade of 
HA.CA. 65,2-810 sections; stagger: 45°*, solidity: 1. 
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.Figure U.- Section pressure distributions. 
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Fig. 5 
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Figaro 6.- Lift coofficionts "based on moan air conditions. 
Cascade of HACA 65,2-810 soctionsj . 
Stagger! 45°; Solidity! 1. 
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Figure V.- Lift coefficonts "based on initial air conditions. 
Cascade of HAOA 55,2-810 sections; 
Stagger t 45°; Solidity! 1. 




Figure 9.- Pressure rise across cascade. Cascade of IIACA 65,2-810 sections; stagger, 45°,* solidity, 1. 
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Figure 10.- Illustration for pressure-rise calculation. 

Cascade of NACA 65,2-SlO sections', 
stagger, 45°; solidity, 1. 
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Figure 12.- Contours of constant total-thead defect downstream of casoade. 

Cascade of NACA 65,3-810 sections; 
Stagger* 45°,* a x : 12°; Solidity! 1. 



